We have succeeded in the synthesis of a series of tetra(5-aryl-2-thienyl)thiophenes as aryl-functionalized tetrathienylthiophenes. Characterization of these chemicals was performed by physical and spectroscopic means. The electrochemical properties were examined by cyclic voltammetry. The CV of all compounds showed that the redox behavior and potentials were controlled by the electronic effect of the p-substituted phenyl groups introduced at the outer ¡-positions on the four thiophene units linked to the thiophene core.
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On the other hand, in recent years, branched 3D oligothiophenes, including ¡-linkage (connection between the ¡-position of the thiophenes) and branching ¡,¢-linkage (connection between the ¡-and ¢-positions of the thiophenes) within the oligothiophene backbone, have received much attention from the viewpoints of application as a new class of active layers in organic devices due not only to their remarkable solubility, geometric and electronic properties, but also to their electropolymerization ability to prepare 3D polythiophene polymer. 2 In this research field, our particular interests are the molecular modification of branched oligothiophenes with aryl groups for the construction of functional molecules with a new type of ³-electron system as well as investigating the advantage of branched oligothiophenes as a building block. In addition, arylintroduced oligothiophene derivatives are fundamentally attractive targets for the study of tuning the electronic and optical properties such as the redox activity and luminescence, as a result of controlling the HOMO/LUMO energy levels and their energy gap varied by ³-conjugation and the electronic effects of the introduced aryl groups. In this paper, we reported the details of the optical and electrochemical properties of a series of tetra(5-aryl-2-thienyl)thiophenes utilizing tetrathienylthiophene as the key segment, which were designed and synthesized as branched oligothiophenes functionalized by various p-substituted phenyl groups.
2,3,4,5-Tetrathienylthiophene (1) as a starting material was prepared via the Ni-catalyzed cross-coupling reaction of tetrabromothiophene with 2-thienylmagnesium bromide in ether under reflux conditions based on previous methods.
2f The selective bromination of 1 was achieved by selective lithiation at the 5-position of four thiophene branches linked to the thiophene core with a small excess of butyllithium in tetrahydrofuran (THF) at ¹50°C (Scheme 1), followed by bromination with 1,2-dibromo-1,1,2,2-tetrafluoroethane, which are needed to introduce aryl groups on the terminal thiophene rings via a metal-catalyzed cross-coupling reaction. As a result, the key intermediate, tetra(5-bromo-2-thienyl)thiophene (2) was obtained in an 89% yield. The tetra(5-aryl-2-thienyl)thiophenes 3a3d have then been systematically synthesized in excellent yields by typical palladium-catalyzed cross-coupling reactions (SuzukiMiyaura coupling 3 ) of 2 with arylboronic acids (Ar = Ph, p-BuC 6 H 4 , p-MeOC 6 H 4 , and p-CF 3 C 6 H 4 ) in the presence of cesium carbonate and a catalytic amount of tetrakis(triphenylphosphane)palladium(0), [Pd(PPh 3 ) 4 ], in DMF/water at 100°C. The spectral ( 1 H, 13 C NMR and FAB-MS) and elemental analysis data for the newly synthesized tetra(5-aryl-2-thienyl)-thiophenes 3a3d are consistent with the proposed structures. 4 These compounds are soluble in common organic solvents such as CH 2 Cl 2 and THF. Therefore, the electronic properties of 3a3d in the solution state were examined by UVvis absorption spectra and cyclic voltammetry (CV) measurements, and the data are summarized in Table 1 .
The UVvis absorption properties of these compounds were measured at 5 © 10 ¹5 mol dm ¹3 in dichloromethane, CH 2 Cl 2 . The maximum wavelengths of the first absorption peaks ( max ab ) assigned to the ³³* transition within the ¡-connected linear diarylterthiophene fragment were observed at 404 nm for 3a, 410 nm for 3b, 412 nm for 3c, and 406 nm for 3d. Their first absorption maxima are red-shifted by about 50 nm in comparison to that of the previously reported tetrathienylthiophene in CH 2 Cl 2 ( max = 362 nm). 2a These results clearly indicated Published on the web September 5, 2011 September 5, 964 doi:10.1246 September 5, /cl.2011 that the introduction of aryl groups effectively elongates the ³-conjugation lengths along the ¡-connected backbone. Unexpectedly, the first absorption maxima of 3a3d corresponding to the lowest excitation energy originating from the HOMO LUMO excitation (³³* transition) are almost the same regardless of the expected change to the HOMOLUMO gap contributing to the electronic effect of substituents (electrondonating of butyl or methoxy groups and electron-withdrawing of trifluoromethyl group) at the para-position on the benzene. Actually, the calculated optical HOMOLUMO energy gap (E g opt ) of 3a3d estimated by max ab is very similar, i.e., 3.07 eV for 3a, 3.02 eV for 3b, 3.01 eV for 3c, and 3.05 eV for 3d.
On the other hand, for compounds 3a3d, the maximum wavelengths of the second peaks were observed at about 330 nm. Their second absorption bands could be assigned to the transition within the two arylthienyl branches ¡,¢-linked to the central thiophene core. These assignments are supported by the UVvis spectra of tetra(¡-bithienyl)thiophene corresponding the previously reported 2-thienyl per-substituted tetrathienylthiophene, which show two absorption peaks with maximum wavelengths at 419 and 345 nm assigned to the transition within the linear ¡-quinquethiophene fragments and ¡-bithiophene branches, respectively. The electrochemical properties of 3a3d were examined by cyclic voltammetry. In the voltammograms of the anodic scans at a concentration of 1.0 mmol dm ¹3 in CH 2 Cl 2 /0.1 mol dm
¹3
Bu 4 NPF 6 , the first oxidation waves of all compounds derived from the radical cation species were observed with an electrochemical reversibility, E 1/2 (0/+1) = +0.76 V for 3a, +0.69 V for 3b, +0.61 V for 3c, and +0.90 V for 3d. In particular, by anodic scanning of compound 3c, the voltammogram showed a 4-electron, 3-step reversible oxidation wave corresponding to the stepwise oxidations assigned to the 1-, 1-, 2-electron transfer processes based on the differential pulse voltammogram (Figure 1 ). The reversible electrochemical multistep multielectron oxidation behavior was observed as a unique phenomenon for compound 3c. This result clearly indicates the formation of the stabilized multiply charged oxidation species produced by the four-electron oxidation of 3c contributing to the electrondonating effect of the methoxy group on the benzene ring. The first and second oxidations of 3c were assigned to the stepwise formation of the dication species derived from two-step, twoelectron oxidation of the ¡-connected diarylterthiophene fragment, and then the third oxidation is assigned to the formation of the tetracation diradical species containing two radical cation segments generated by two overlapping one-electron oxidations of two independent p-methoxyphenylthienyl branches linked to the central thiophene ring at the same potentials.
On the negative scan of all compounds at the concentration of 1.0 mmol dm ¹3 in THF/0.1 mol dm ¹3 Bu 4 NPF 6 , the voltammogram showed two subsequent sets of one-electron reductions with electrochemical reversibility; first reduction (E 1/2 (0/¹1)) of ¹2.10 V for 3a, ¹2.13 V for 3b, ¹2.19 V for 3c, ¹1.90 V for 3d, and second reduction (E 1/2 (¹1/¹2)) of ¹2.29 V for 3a, ¹2.33 V for 3b, ¹2.43 V for 3c, ¹2.05 V for 3d, which are assigned to the stepwise formation of the dianion species within the ¡-connected linear diarylterthiophene fragment.
The first oxidation and reduction half-wave potentials clearly indicated that the HOMO level increases in the order of 3c > 3b > 3a > 3d, and the LUMO level increases in the order of 3d < 3a < 3b < 3c. These results adequately indicated that the electron-donating or -withdrawing effects of the substituent on the benzene ring can be controlled by the HOMO and the LUMO levels. The electrochemical HOMOLUMO energy gap (E g elec ) was calculated from the difference between the first oxidation and reduction peak potentials [E p.a (0/+1), E p.c (0/¹1)], 5 2.95 eV for 3a, 2.91 eV for 3b, 2.90 eV for 3c, 2.89 eV for 3d, 6 which are in good agreement with the optical values (E g opt , ca. 3.0 eV). As the results of the experimental observations of the tetra(5-aryl-2-thienyl)thiophenes 3a3d in the solution state, although the electronic effect of the substituent on the benzene f Calculated from the difference between the first oxidation and reduction peak potentials (E p.a (0/+1), E p.c (0/¹1)). ring serves to control the redox behavior attributed to the HOMO and the LUMO energy levels, they have little influence on the HOMOLUMO energy gap.
We have designed and established a synthetic route to systematically prepare novel tetra(5-aryl-2-thienyl)thiophenes 3a3d. The synthetic route would be adapted to the synthesis of varieties aryl-functionalized tetrathienylthiophene series. The optical and electrochemical properties of 3a3d were identified by UVvis spectroscopy and cyclic voltammetric studies. The CV determined the one-step oxidation and two-step reduction in all the compounds, which have redox characteristics controlled by the substitution on the benzene rings. Therefore, we succeeded in establishing a new branched oligothiophene modified by aryl groups with a remarkable molecular electronic structure (³-electron system).
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